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S1 Text — Fossil based minimum age constraints

Based on fossil evidence, 17 minimum age constraints were defined and enforced in our analyses, and
they were all defined as uniform priors with their minimum ages based on the ages of the fossils and
their maximum ages set to 128 Myr which correspond to the maximum age of our root node. Twelve
of the constraints follow the minimum age estimates accepted and reported by Martinez-Millan (2010);
two were based on more recently reported Asteraceae and Apocynaceae fossils, both from the Middle
Eocene and that were never considered by Martinez-Millan; and three were based on Rubiaceae fossils,
each representing one of the three subfamilies recognized in the family. Compared to Martinez-Millan
(2010) we used a more up to date geologic time scale Gradstein et al. (2012). Details of the fossils
on which they were based, their ages, from where and by whom they were documented, and their
phylogenetic placements in our analyses are discussed at length below.

Cornales

The oldest cornalean fossils are Hironoia fusiformis from the Coniacian-Santonian (Late Cretaceous) of
Kamikitaba, Japan (Takahashi et al., 2002) and Tylerianthus crossmanensis from the Turonian (Late Cre-
taceous) of New Jersey, USA (Gandolfo et al., 1998), and both taxa place the crown group of extant Cor-
nales in the Late Cretaceous. Hironoia fusiformis share synapomorphies with extant Cornaceae (Bremer
et al., 2004; Takahashi et al., 2002) and Tylerianthus crossmanensis was resolved with Hydrangeaceae
by Crepet et al. (2004), indicating placements for both fossils well inside extant Cornales. Martinez-
Millan (2010) accepted this and considered their first occurrences as best fossil-based minimum age
estimates for the stem lineage Cornaceae (Hironoia fusiformis) and the stem lineage Hydrangeaceae
(Iylerianthus crossmanensis). The same placement of Hironoia fusiformis was also accepted by Bremer
et al. (2004) who applied a minimum age constraint for the split between Cornaceae and Grubbiaceae
in their analyses at 88 Myr based on this fossil taxon. Relationships among families in extant Cornales
is, however, partially unsupported (Xiang et al., 2011), and our analyses include representatives from
no more than three out of 7 families commonly recognized in the group. We adopted a slightly more
conservative placement of these two fossil taxa and specified a uniform prior age distribution for the
crown group of extant Cornales in our analyses (node 177, Figs. 1 and 3) with a minimum age of 90
Myr (Late Cretaceous, Turonian; Gandolfo et al., 1998).

Ericales

Ericales have an extensive fossil record dating back to the Cretaceous, and fusainized flowers from Late
Cretaceous deposits have been associated to various modern families of Ericales including Actinidi-
aceae, Diapensiaceae, Ericaceae, and Pentaphyllaceae (Crepet, 1996; Crepet et al., 2013; Friis, 1985b;
Keller et al., 1996; Nixon & Crepet, 1993; Schonenberger & Friis, 2001; Schonenberger et al., 2012).
The oldest of these flowers are from the Turonian (Late Cretaceous) of New Jersey, USA and include
Paleoenkianthus sayrevillensis (Nixon & Crepet, 1993), Pentapetalum trifasciculandricus (Martinez-
Millan et al., 2009), and three species of the genus Raritaniflora (Crepet et al., 2013). Either one of
these fossils provide a good fossil-based minimum age estimate for the crown group of extant Ericales.
Paleoenkianthus sayrevillensis was also used for this purpose by Crepet et al. (2004), but Pentapetalum
trifasciculandricus was associated to a more narrow group of Ericales, the family Pentaphylaceae (Pen-
taphylax), in the original description by Martinez-Millan et al. (2009). Martinez-Millan (2010) accepted
this placement and reported the Turonian as the best fossil-based minimum age estimate for the split be-
tween Pentaphylaceae (Pentaphylax) and Ternstroemiaceae. Ternstroemiaceae included a total of 3 taxa
in her phylogeny including Ternstroemia, Clayera, and Eurya (Martinez-Millan, 2010). Fossil seeds,
described from the Santonian (Late Cretaceous) of Europe (Knobloch & Mai, 1986), and that share
synapomorphies with the extant genus Eurya (Pentaphylaceae), lend additional support for such an
early origin of extant Pentaphylaceae. These seeds were also used by Bremer et al. (2004) to specify
86 Myr as a minimum age constraint for Pentaphylaceae in their analyses. We specified a prior age
distribution for the crown group of extant Pentaphylaceae (node 164, Figs. 1 and 3) in our analyses with
a minimum age of 90 Myr (Late Cretaceous, Turonian; Martinez-Millan et al., 2009).

A second fossil that have been placed in a more narrow group of Ericales is Parasaurauia allonensis.
This fossil taxon was described by Keller et al. (1996) from the Campanian (Late Cretacous) of Georgia,
USA. Their phylogenetic analyses placed it in Actinidiaceae, sister to extant genera of Saurauia and
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Actinidia (Keller et al., 1996), and Martinez-Millan (2010) accepted the Campanian as the best fossil-
based minimum age estimate for stem lineage Actinidiaceae. A Late Cretacous origin for Actinidiaceae
is also indicated by seeds described from the Turonian of Central Europe (Knobloch & Mai, 1986).
These seeds have been included in the extant genus Saurauia, and their first occurrence was used by
Bremer et al. (2004) as a minimum age constraint for stem lineage Actinidiaceae. If correctly placed,
they indicate an older origin for Actinidiaceae than Parasaurauia allonensis. However, they failed to
pass the filtering criteria used by Martinez-Millan (2010). We followed her and specified a uniform prior
age distribution for the Actinidiaceae stem lineage (node 169, Fig. 1; node 168, Fig. 3) in our analyses
with a minimum age of 72 Myr (Late Cretaceous, Campanian; Keller et al., 1996).

Aquifoliales

Knobloch & Mai (1986) described fruits of Aquifoliaceae from the Maastrichtian (Late Cretaceous)
of Germany. These fruit fossils were accepted by Bremer et al. (2004) who enforced a minimum age
constraint for the crown group of extant Aquifoliales at 70 Myr. They did, however, not pass the filtering
criteria used by Martinez-Millan (2010). She accepted the occurrence of the seed fossil Ilex hercynica
from Germany as the currently best fossil-based minimum age estimate of Aquifoliales. This seed fossil
was reported from Gonna (Abschnitt IT), Sangerhausen, Sachsen-Anhalt, Germany by Mai (1987) and
was dated as Early Paleocene. Martinez-Millan (2010) grouped this fossil with Ilex, Aquifoliaceae, and
we specified a uniform prior age distribution for the Ilex stem lineage in our analyses (node 152, Figs.
1 and 3) with a minimum age of 62 Myr (Early Paleocene; Mai, 1987).

Apiales

Apiales are represented in the fossil record by a large number of fossil fruits and endocarps. Some
of the earliest records are those of Knobloch & Mai (1986) who reported endocarps of modern genera
Aralia, Acanthopanax, and Schefflera from the Maastrichtian (Late Cretaceous) of Germany. These were
accepted and used by Bremer et al. (2004) who constrained a group including Araliaceae, Apiaceae, and
Pittosporaceae at 70 Myr. Also these fruit fossils failed to pass the filtering criteria used by Martinez-
Millan (2010). Instead, the occurrence of leaf fossils of Dendropanax from the Middle Eocene of
Tennessee, USA (Dilcher & Dolph, 1970) was accepted by her as one of the best fossil-based minimum
age estimate of Apiales. She grouped Dendropanax with Araliaceae/Apiaceae, sister to Pittosporaceae.
Following this placement we specified a uniform prior age distribution for the Apiaceae/Araliaceae
stem lineage (node 139, Figs. 1 and 3) in our analyses with a minimum age of 38 Myr (Middle Eocene;
Dilcher & Dolph, 1970).

The fruit fossil Toricellia bonesii, reported from the Middle Eocene of USA and Germany (Manch-
ester, 1994, 1999), were also used by Martinez-Millan (2010) to support a minimum age of Middle
Eocene for Apiales, and she grouped this fruit fossil with the Toricellia group (sensu Chandler & Plun-
kett, 2004). More recently Manchester et al. (2009) documented fruits of Toricellia bonensii from the
Late Paleocene of North Dakota, USA, pushing this age estimate further back in time. Based on this
more recent report, we specified a uniform prior age distribution for the Toricellia group stem lineage
(node 137, Figs. 1 and 3) in our anaylses with a minimum age of 56 Myr (Late Paleocene; Manchester
et al., 2009).

Dipsacales

The oldest currently accepted occurrence of the Dipsacales in the fossil record is Diplodipelta reniptera
from the Late Eocene of eastern North America (Manchester & Donoghue, 1995), and this fossil was
also used as a calibration point by Bell & Donoghue (2005) in their attempt at calibrating the Dipsacales.
Several synapomorphies place Diplodipelta well inside Dipsacales, in the family Linneaceae (Manch-
ester & Donoghue, 1995), and this placement was followed by Martinez-Millan (2010) who accepted
it as a minimum age estimate for the split between Linneaceae and a group of three other families:
Morinaceae, Dipsaceae, and Valerianaceae. We have followed her and specified a uniform prior age
distribution for the crown group of all four families (node 147, Figs. 1 and 3) in our analyses with a
minimum age of 34 Myr (Late Eocene; Manchester & Donoghue, 1995).
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Asterales

The early fossil record of Asterales primarily comprises pollen records of the three families Goode-
niaceae, Menyanthaceae, and Asteraceae (Barreda et al., 2010a; Martinez-Millan, 2010). Reviewing
the occurrences and geographical distributions of these fossil pollen Barreda et al. (2010a) showed that
all three families were well differentiated by the Oligocene and that they also had established a broad
southern hemisphere distribution by this time. Taken together this was seen to support an Eocene, or
earlier origin of the group (Barreda et al., 2010a). A corresponding origin of Asterales was also in-
dicated by Martinez-Millan (2010). She considered Tubulifloridites viteauensis, a fossil pollen taxon
reported from the Bartonian (Middle Eocene) of Namibia, Africa by Zavada & de Villiers (2000) as the
best fossil-based minumum age estimate for the group, and she placed the Asteraceae stem lineage in
the Bartonian based on this taxon. More recently a capitulescence of Asteraceae was recovered from
Middle Eocene deposits of northwestern Patagonia (Barreda et al., 2010b, 2012). This fossil was de-
scribed as Raiguenrayun cura and based on characters seen in the associated pollen grains the authors
placed the taxon in the crown group of extant Asteraceae (Barreda et al., 2012). The age of the deposits
were constrained by radiometric dating at 47.5 £ 0.05 Myr (Wilf et al., 2005), and based on this fossil
taxon we specified a uniform prior age distribution for the Asteraceae stem lineage (node 132, Figs. 1
and 3) in our analyses with a minimum age of 47 Myr (Barreda et al., 2012).

Gentianales

First occurrences of Emmenopterys dilcherii (Rubiaceae), a fruit fossil from the Lutetian (Middle Eocene)
of Oregon, USA (Manchester, 1994), and Apocynospermum rostratum (Apocynaceae), a seed fossil
described from the Early-Middle Oligocene of Bembridge, England (Reid & Chandler, 1926) were
indicated by Martinez-Millan (2010) as the currently best minimum age estimates for stem lineages
Rubiaceae and Apocynaceae. In addition to Apocynospermum rostratum Reid & Chandler (1926) also
described A. striatum from the same locality, and this seed fossil was also accepted by Martinez-Millan
(2010) as Apocynaceae. More recently, Collinson et al. (2012) reported corresponding seed fossil from
the Middle Eocene Messel Formation near Darmstadt, Germany. The upper parts of this Formation was
recently dated to at least 47 Myr (Lenz et al., 2014). Following Collinson et al. (2012) and Lenz et al.
(2014), we specified a uniform prior age distribution for stem lineage Apocynaceae (node 111, Figs.
1 and 3) in our analyses with a minimum age of 47 Myr. For Rubiaceae, no stem lineage prior was
specified. Here, information from younger fossils nested well inside each of the three subfamilies were
used instead. Fossils used were pollen of Scyphiphora (Ixoroideae) from the Miocene of the Eniwetok
Atoll, Marchall Islands (Leopold, 1969), Cephalanthus pusillus (Cinchonoideae), a fruit fossil from the
Late Eocene of the Weillelster Basin, Sachsen, Germany (Mai & Walther, 2000), and Morinda chinensis
(Rubioideae), a fruit fossil from the Middle Eocene, Changchang Basin of Hainan Island, south China
(Shi et al., 2012).

The Scyphiphora pollen was originally described by Leopold (1969) who reported it from different
layers of Miocene age. Later Saenger (1998) discussed the origins of modern mangrove vegetation
from an evolutionary perspective and gave two age estimates for the Scyphiphora pollen: ~16 Myr for
Japanese specimens and ~23 Myr for the Marshall Islands specimens originally reported by Leopold
(1969). Following Saenger (1998), several divergence time analyses in Rubiaceae have accepted the
older estimate and applied a 23 Myr fossil-based constraint for the Scyphiphora stem lineage (Bremer
& Eriksson, 2009; Huang et al., 2013; Manns et al., 2012; Nie et al., 2013). However, the original report
by Leopold (1969) lend no support for this and only indicate an Early Miocene (16-23 Myr) age for
the Scyphiphora pollen. We specified a uniform prior age distribution for the Scyphiphora stem lineage
(node 62, Figs. 2 and 4) in our analyses with a minimum age of 16 Myr (Early Miocene; Leopold,
1969).

Fossil fruits of Cephalanthus have been described from the Eocene (Mai & Walther, 1985, 2000),
from the Oligocene (Mai & Walther, 1978; Mai, 1997; Dorofeev, 1963), and from the Miocene (Doro-
feev, 1960, 1963; Friis, 1985a; Mai, 2001; Raniecka-Bobowska, 1959; Szafer, 1961) at a large number
of localities across central Europe and Russia. The oldest localities are from The Weillelster Basin floras
of Germany and are of Late Eocene age (Mai & Walther, 2000; Collinson et al., 2009; Kvacek, 2010).
The fruits are characterized as schizocarps with two, one-seeded, obovoid and slightly dorsiventrally
flattened mericarps, they have seeds that are strophiolate, and they are taxonomically very distinct. One
of the Late Eocene specimens from Germany (Mai & Walther, 1985, 2000) was recently reinvestigated
by Else Marie Friis (The Natural History Museum, Stockholm) and she confirmed the determination of
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this specimen as Cephalanthus pusillus (E. M. Friis, personal communication). Based on this specimen
we specified a uniform prior age distribution for the Cephalanthus stem lineage (node 79, Figs. 2 and
4) in our analyses with a minimum age of 34 Myr (Late Eocene; Mai & Walther, 2000).

Morinda chinensis, originally described by Shi et al. (2012), is a well preserved mulberry-shaped
infructescence of syncarpous fruits, a type of syncarp seen among extant members of the genus Morinda.
Razafimandimbison et al. (2009) investigated the occurrences and evolution of such syncarps in the
tribe Morindeae and showed that they are evolutionary labile in the group and not diagnostic for the
genus Morinda (Razafimandimbison et al., 2009). They are, however, characteristic for members of the
Morindeae tribe and their occurrence in the Middle Eocene of south China provides a good fossil-based
minimum age estimate for the stem lineage of extant Morindeae. We specified a uniform prior age
distribution for the Morindeae stem lineage (node 106, Figs. 2 and 4) in our analyses with a minimum
age of 38 Myr (early Late Eocene; Shi et al., 2012).

Solanales

Cantisolanum daturoides, a seed fossil described from the Early Eocene (Ypresian) of England, has been
considered the first evidence of Solanaceae in the fossil record (Collinson et al., 1993). However, it was
rejected as a Solanaceae fossil by Martinez-Millan (2010) who reported the first occurrence of Solanis-
permum reniforme as the best fossil-based minimum age estimate for stem lineage Solanaceae. This
seed fossil is also from the Eocene of Southern England (Chandler, 1962, 1963), but reported from de-
posits of somewhat younger age then the London Clay Formation from where Cantisolanum daturoides
was originally described (Reid & Chandler, 1926). Recently, Séarkinen et al. (2013) conducted a review
of the Solanaceae fossil record. They also reinvestigated the specimens of Cantisolanum daturoides and
Solanispermum reniforme using X-ray computed tomography and based on these investigations, they
too rejected Cantiosolanum daturoides as a Solanaceae fossil. They agreed with Martinez-Millan (2010)
and considered the first occurrence of Solanispermum reniforme as the best fossil-based minimum age
estimate of Solanaceae (Sirkinen et al., 2013). The first occurrence of Solanispermum reniforme is from
the Poole Formation, Bracklesham Group in Dorset, UK (Chandler, 1962), and following King (2006)
this Formation spans from late Ypressian to early Lutetian in age. We specified a uniform prior age
distribution for the Solanaceae stem lineage (node 14, Figs. 1 and 3) in our analyses with a minimum
age of 46 Myr (Poole Formation, early Lutetian; Chandler, 1962; King, 2006).

Lamiales

The fossil record of Lamiales is meager but three fossil taxa from the Bembridge Flora, UK were
used by Martinez-Millan (2010) for obtaining minimum age estimates in the group. Fossil taxa that
she used were Acanthus rugatus (Acanthaceae), Radermachera pulchra (Bignoniaceae), and Melissa
parva (Lamiaceae). The first two are seed fossils and Melissa parva is a fruit fossil, and all three
were described from the Early-Middle Oligocene of Bembridge, England by Reid & Chandler (1926).
Recent updates place the Bembridge Flora in the Late Eocene (Collinson et al., 2009; Hooker et al.,
2007, 2009). Based on the occurrence of these fossils we specified uniform prior age distributions for
the Acanthaceae (node 29, Figs. 1 and 3), the Bignoniaceae (node 33, Figs. 1 and 3), and the Lamiaceae
(node 29, Fig. 1; node 31, Fig. 3) stem lineages in our analyses with minimum ages of 34 Myr (Late
Eocene; Collinson et al., 2009; Hooker et al., 2007, 2009; Reid & Chandler, 1926).

Vahliaceae

Friis & Skarby (1982) described Scandianthus costatus and S. major from the Late Santonian—Early
Campanian flora of Asen, southern Sweden. They were originally associated with members of the
families Saxifragaceae, Hydrangeaceae, Vahliaceae, and Escalloniaceae (Friis & Skarby, 1982; Friis,
1984). At the time, these families were considered closely related and part of the Saxifragales complex.
Subsequent analyses have, however, placed these familes in widely seperated groups with Saxifragaceae
in the Saxifragales (rosids), Hydrangeaceae in the Cornales (asterids), Vahliaceae in the lamiid group
of the asterids, and Escalloniaceae in the campanuliid group of the asterids (see Soltis et al., 2011). To
clarify their relationships Martinez-Millan (2010) compiled the original data from Friis & Skarby (1982)
and conducted a phylogenetic analyses of these fossils. Their analysis resolved Scandianthus as sister
to Vahliaceae, and following this result they accepted Late Santonian as the best fossil-based minimum
age estimate for the stem lineage Vahliaceae (Martinez-Millan, 2010). We specified a uniform prior age
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distribution for the Vahliaceae stem lineage (node 9, Figs. 1 and 3) in our analyses with a minimum age
of 84 Myr (Late Santonian; Friis & Skarby, 1982).
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